An ellipse-fitting technique is introduced in this paper to process the images of raindrops sampled by a 2D-PMS (Particle Measuring Systems, Inc.) probe.
the observations of the side and top views of raindrops show that they can be approximated by oblate spheroidal shapes Chandrasekar et al. 1988 ). The side-looldng images of raindrops have been used to obtain shape information such as axis ratio and canting angle Chandrasekar et al. 1988) . However, to obtain information on drop size distribution (DSD) or rainfall rate, we need to know the number of particles in each size bin that fall inside the sampling volume. An example of raindrop images collected by the 2DPMS probes.is shown in Fig. 1 . This sample, l~ke all others, contains many partial images. In order to compute the number concentration, we can use the approach of counting only the drops that are fully in the sampling area, however, this procedure decreases the sampling volume of large drops to unusable values. Sampling of large drops are important since they contribute significantly to reflectivity Zx and differential reflectivity ZDR computations. The larger the size of a raindrop, the greater the chance that it will produce a partial image. Therefore, there is an important need to reconstruct the full images of raindrops based on the partial observed images. successfully to analyze full 2D-PMS images (Rahman et al. 1981; Duroure 1982; Hunter et al. 1984; Chandrasekar et al. 1990 ), but both procedures are not applicable for partial images. Application of curve-fitting procedures such as the one used by Cooper (1980) for side-looking raindrop images is very complex analytically and computationally. This is because an arbitrary ellipse has five unknowns (the x, y coordinates of the center, the semimajor and semiminor axes, and the orientation angle) related by a nonlinear trigonometric equation [ see Eq.
( 1 ) ]. We introduce an ellipse-fitting technique in this paper, which is designed for ease of usage with the natural 2D-PMS data acquisition process. The technique estimates the center of a raindrop image first and then sul> sequently obtains all the other parameters of the raindrop. Because only a part of the contour is needed for the ellipsefitting process, this technique works well for both full and partial raindrop images. Our paper is organized as follows. Section 2 describes the ellipse-fitting algorithms along with pertinent equations. In section 3, we evaluate the algorithms developed in section 2 using data collected during the CaPE field program. Section 4 demonstrates the application of this data analysis procedure for obtaining raindrop size concentrations. Section 5 summarizes the key results of this paper. 2. Technique description a. Shapes of raindrops Many studies on the shape of raindrops suggest that the shapes of raindrops can be approximated by oblate spheroids whose side views are elliptical Beard and Chuang 1987; Chandrasekar et al. 1988 ).
Therefore, the parameters of a free-falling raindrop, such as size, shape, and orientation, can be associated with the parameters of an ellipse. shown in section 2b that we can estimate the center position and the other parameters of an ellipse by using only a few points on its contour. The accuracy of the estimates can be improved by using more points to obtain several estimates and averaging them. Since we do not have many available data points on a real PMS image, especially a partial image, we need to use as many as possible of them to get reasonably accurate estimates. The ellipse-fitting algorithm is summized below (see Estimation of the canting angle and the axis ratio. One line in group 1 and another in group 2 are chosen and then the coordinates are transformed with re spect to (~-, fc), the center, to make (~c, fc) the new origin. Subsequently ( 13 ) and (14) are used to get the estimates of the canting angle &t and the axis ratio This process is repeated for all combinations of ]lines in group 1 and group 2.
The final estimates of the canting angle and the axis ratio are obtained by averaging all above estimates separately. Based on the estimates of(xc, Yc), a, r, we apply all available contour points of the ellipse to ( 15 ) and (16) Figure   6 shows two examples of ellipse-fitting results for full raindrop images, where Fig.   6a shows the ellipsefitting result for a small raindrop with horizontal dimension less than ten pixels, whereas Fig. 6b shows the ellipse-fitting result for a large raindrop with horizontal dimension close to 20 pixels. The dataset used for comparative study of the various techniques were collected by the Wyoming King Air on 8 August 1991 within moderate to intense showers during the CaPE field program. About 1000 2D-PMS full raindrop im ages were used as the test dataset. Parameters estimated for the images included the major axis a, minor axis b, axis ratio r, and the canting angle a (for partial images, the center coordinates were also estimated). These images were first processed by Fourier descriptor method and moment descriptor method, separately, to obtain the above parameters. Then they were processed using the ellipse-fitting algorithm given in section 2 to estimate the same parameters. Subsequently, the axis ratio and the volume equivalent spherical diameter Deq ) of raindrops were computed based on these image parameters. Figure 7 shows the scatterplots between the Fourier descriptor results and ellipse-fitting results. show the raindrop axis ratio and the apparent canting angle, respectively. We note here that these apparent canting angles are not true canting angle of raindrops and refer to Chandrasekar et al. (1988) for details. To get some idea about the statistical difference, we compute the bias and the root-mean-squared error (rmse) of the comparison between the Fourier descriptor method and the ellipse-fitting algorithm, as summarized in Table 1 . From this table, it is obvious that the results of the ellipse-fitting algorithm agree well with the results of Fourier descriptor method. b. Ellipse-fitting techniques for partial raindrop images Fourier descriptor and moment descriptor techniques need the complete contour for processing and neither technique will work for partial images. However, the ellipse-fitting technique introduced in this paper can be applied to process partial raindrop images. Figure 8 shows two examples of ellipse fitting results for partial raindrop images. Figure 8a shows the ellipsefitting result for a partial raindrop image with top part truncated, whereas Fig. 8b shows the ellipse-fitting result for a partial raindrop image with bottom part truncated. The performance of ellipsefitting technique for processing partial images was evaluated by the following procedure. First, the ellipse-fitting procedure was applied to the full raindrop images to estimate all parameters of the image, such as the center coordinates, the major and minor axes, and the canting angle as well as the volume equivalent spherical diameter D-~ of the raindrop. Subsequently, the top or the bottom ,.2' each image was truncated by a certain amount (20%, 30%: and 50% of the height) to generate a partial image test dataset, and then the partial ellipse-fitting algorithm was used to estimate all parameters once again. By comparing these two pairs of results, we were able to evaluate how well the ellipse-fitting method works for partial images. 1344 JOURNAL OF ATMOSPHERIC In Fig. 9 , the estimates of the ellipse center coordinates from full and partial raindrop images are given. Figure 9a shows a scatterplot of the X'coordinates of the ellipse center obtained from full images and partial images with 20% truncation. Figure 9b shows the comparison of the Y coordinates of the ellipse center for the same dataset as used in Fig. 9a . Similarly, the X and Y coordinates were also estimated for partial raindrop images with 30% and 50% truncation and compared with the estimates obtained from the full images. Figure   10 Partial 2D-PMS raindrop images in the scan area were processed first by estimating the center coordinates using the ellipse-fitting method. Then the estimates of the center coordinates were used to check whether the center was located inside the sampling region of the optical array probe or not. If the center of a partial image was inside, then the particle was included in the DSD and concentration estimates. If the center was outside, the particle was excluded. were included in the DSD computation. The radar rcfiectivity Z, and differential refiectivity ZVR estimated from this DSD spectrum agree fairly well with the simultaneous radar measurements along the same flight track. Thus, based on the analysis procedures developed in this paper, we can use side-looking aircraft PMS data in rain to study the evolution of DSD, as well as the shape of hydrometeors that could be used in conjunction with polarimetric radar observations. 5. Summary and conclusions An ellipse-fitting technique is introduced in this paper to process side-looking raindrop images that are sampled by the optical array 2D-PMS probe. The algorithm conforms to the natural data collection process, and therefore it is readily applicable to the parallel scan lines that are used to construct a 2D-PMS image. This technique is tested by first fitting full raindrop images and comparing against the results from 
